Summary. Leucine production rate, metabolic clearance rate and oxidation rate were measured in 10Type 1 (insulin-dependent) diabetic patients after (1) 24 h insulin withdrawal, (2) conventional insulin therapy and (3) an ,overnight insulin infusion to maintain normoglycaemia, and in 10 control subjects. In the insulin-withdrawn patients, leucine concentration (259 + 17 p~mol/1), production rate (2.65 _ 0.29 p~mol 9 rain-1. kg -~) and oxidation rate (0.69 ___ 0.10 p, mol. rain -1. kg -~) were significantly greater (p< 0.001 ; p< 0.05; p< 0.005 respectively) than corresponding values in control subjects (127 +6; 1.81 + 0.12; 0.19 + 0.02). Following conventional insulin therapy, leucine concentration (162+12 p, mol/l) and oxidation rate (0.43 ___ 0.05 p~mol, rain-1. kg-1) were lower than after insulin withdrawal but were still significantly greater than in control subjects (p<0.05; p<0.005). Although leucine concentration, production rate and metabolic clearance rate were normal after an overnight insulin infusion, leucine oxidation rate was still greater than normal (0.34 + 0.06 Ixmol. rain -1. kg-l; p< 0.05). These results suggest that increased leucine concentration in insulin deficiency is due to elevated leucine production rate caused by increased proteolysis, and that leucine concentration is restored to normal by insulin treatment.
Insulin deficiency in patients with uncontrolled diabetes mellitus results in the breakdown of protein, leading to muscle wasting and increased gluconeogenesis, as described by Aretaeus in 200 AD as the "melting down of the flesh and limbs into sweet urine". Insulin treatment of diabetic patients restores nitrogen balance to normal. It has been shown that plasma concentrations of the branched-chain amino acids are increased in uncontrolled diabetes [1, 2] , and are decreased to normal levels by insulin treatment [3, 4] . Since these amino acids are metabolized almost exclusively by extra-hepatic tissues, mainly muscle [5] , which forms the major mass of body protein, plasma levels of branched-chain amino acids may reflect the state of protein catabolism in diabetic patients. Studies with muscle isolated from diabetic rats have shown the net release of branched-chain amino acids [6] and the rates of leucine oxidation [7, 8] to be greatly increased. In man, however, Wahren et al. [9] could find no net release of leudne from either the liver or leg muscle of insulin-withdrawn diabetic patients as measured by arterio-venous catheterization despite an elevated plasma leucine concentration. Sherwin et al. [10] found that the clearance of an infusion of leucine was impaired in diabetic patients and restored to normal by insulin treatment. These studies in man therefore suggest that elevated branched-chain amino acid concentrations in diabetes are due to decreased utilization rather than increased production as a result of accelerated protein breakdown.
Since the results of these studies seem incompatible, we have used 1-14C leucine to measure the rate of production, clearance and oxidation of the branched-chain amino acid leucine in insulin-withdrawn diabetic patients, and have examined the effects of insulin treatment. We have also developed a mathematical model of leucine metabolism, and have investigated the effect of insulin treatment on model parameters. Preliminary results have been presented in a Symposium on Metabolic Acidosis [11] .
Subjects and methods

Subjects
Ten control subjects (aged 18-52) and 10 Type I (insulin-dependent) diabetic patients (aged 38-69) were studied. Details are shown in Table 1 . All patients were considered to have Type 1 (insulin-dependent) diabetes, but three patients (1, 2 and 4) had been on tablet treat- ment for 4, 2 and 14 years respectively before being transferred to insulin. They were studied on two separate occasions: (1) following insulin withdrawal (24 h after their last dose of insulin [Actrapid, Novo Laboratories, Ltd] which was equivalent to their normal morning insulin dose if they were treated with short-acting insulin, or approximately half their normal insulin if they were treated with intermediate-acting insulin), and (2) after following their conventional insulin treatment for a week and 12 h after their usual evening insulin dose. Eight of these diabetic patients were also studied after an overnight insulin infusion, with the infusion rate adjusted to maintain their blood glucose between 4 and 6 mmol/l. All patients were on their usual dietary regimes throughout the study. The control subjects had an average daily intake of 2,260 calories with 72.6 g protein.
All subjects gave written consent. The study was approved by the Ethical Committee of St.Thomas' Hospital, the Isotope Advisory Panel of the Medical Research Council and the Department of Health and Social Security.
Experimental protocol
All subjects were studied in the morning after a 14-h overnight fast. After cannulation of an antecubital vein for blood sampling, a 30-rain 14 rest period was allowed before rapid injection of 25 ~tCi 1-C leucine (L-leucine, 54mCi/mmol) (Radiochemical Centre, Amersham, England) into a contralateral antecubital vein. A bolus injection was administered rather than a constant infusion, as this required a smaller amount of isotope and provided information for the modelling of leucine metabolism. Blood samples were taken immediately before the injection for baseline measurements, then every min to 5 rain, at 8 and 10 min, then every 10 min to 120 min. Collections of expired air were made at intervals over the 2 h period via a 2-way valve into Douglas Bags every 4 rain to 20 min and every 20 rain thereafter. Inspiratory volume was measured by a Wright Respirometer (British Oxygen Company, Harlow, Essex, England) attached to the inspiratory end of the 2-way value. To accustom patients to the apparatus, they practised using the apparatus before each study. There was no systematic change in CO2 production rate calculated from inspiratory volume and % CO2 expired in each patient in the three studies, which suggested that the learning period was adequate. The coefficient of variation for measurement of CO2 production was 10.7%.
Analytical methods
14
C leucme was measured on l-ml plasma samples deproteinized with sulphosalicylic acid, freeze-dried, reconstituted in 250 lxl water, and separated from other amino acids on a Chromaspek J180 Amino Acid Analyser (Rank Hilger, Margate, Kent, England). Six-minute fractions of column eluate were made, and fractions containing 14C leucine were freeze-dried, reconstituted in 200 gl water and counted in BBOT scintillant in a liquid scintillation counter (Sigma Chemical Co, Intertechnique SL 4000). The fraction collected also contained isoleucine, which is an essential amino acid and would therefore not contain a4C, and the internal standard nor-leucine. The coefficient of variation of this method on repeated measurements of leucine activity in the same sample was 8.0%. Amino acid concentrations were determined on plasma samples taken every 40 min throughout the study.
Plasma ketones, pyruvate and lactate were determined enzymatically [12, 13] . Plasma non-esterified fatty acids were extracted by the method of Dole and Meinertz [14] , and the concentration was determined by the semi-automated method of Carruthers and Young [15] . HbAlc was measured by the method of Baron et al. [16] . Expired 14C02 was measured within 10 min of sampling by absorbing 0.5 mmol CO2 (after drying over silica gel) into 0.5 ml 1M hyamine hydroxide (44% w/v) in 2 ml ethanol using phenolphthalein as an indicator. Ten ml BBOT scintillant was added, samples were counted in a liquid scintillation counter and % CO2 was measured on air collected from the Douglas bags using an infra-red capnograph (Godart NV, Bilthoven, Holland).
Analysis of data
Plasma leucine activity curves (dpm/ml), as shown in Figure 1 , were fitted with the sum of 3 exponentials using a least squares error optimization algorithm [17] . The number of exponentials which produced the "best fit" to the curves (i. e. 3) was determined from a statistical test based on the F-ratio and the distribution of the residual errors [18] . The initial volume of distribution calculated by extrapolation of the curve to t = 0 was found to approximate a plasma volume of 58.4 ml/ kg body weight [19] . The fitting of the first exponential was dependent on early data points; because on several occasions these were limited by poor blood flow, the fit was constrained by assuming an initial volume of distribution of plasma. This improved the curve fit (i. e. reduced the sum of squares error and improved the distribution of residual errors) in those patients with the paucity of experimental data points in the initial part of the study. A 3-compartment model was postulated to describe leucine kinetics with the number of compartments being determined from the number of exponentials fitting the curve. A model structure was selected which was both mathematically identifiable and physiologically sound. A mamillary structure, a central compartment in equilibrium with 2 peripheral tissue compartments, was not selected since leucine oxidation and protein synthesis would be expected to occur physiologically in both peripheral compartments; this would make the model unidentifiable. The model structure selected was a catenary structure; that is, a plasma compartment in series with two peripheral compartments which represent all tissues which metabolize leucine. This is shown as the leucine subsystem in Figure 2 .
Compartment 1 was fixed as plasma volume (as described above). Compartment 2 was selected as the site for leucine oxidation (represented by the rate constant k42 in Figure 2 ) and protein synthesis (kp2) as the dynamic response of the compartment was the only one compatible with the 14COz response observed. Compartment2 would therefore contain both extracellular and intracellular components. Compartment 3 could not be a site for leucine metabolism, since this would make the model unidentifiable [18] . This compartment may represent an intracellular amino acid pool which is the site of proteolysis but not protein synthesis. This intracellular amino acid pool has been described in several models of amino acid metabolism in isolated tissues [20, 21] . Net inflow of unlabelled leucine is not shown in Figure 2 , since this is a model of distribution and metabolism of labelled material. Since the site of this net inflow was unknown, rates of leucine production, oxidation and rate of leucine incorporation into protein were calculated with the net inflow of unlabelled leucine into compartments 1, 2 and 3. A 3-compartment bicarbonate subsystem based on the model of Steele [22] and adapted by Waterhouse et al. [23] , in which the central compartment was the blood pool, was linked to the leucine subsystem. The validation of this linkage is described in the Appendix. The kinetics of labelled leucine and bicarbonate were defined in terms of the following ordinary differential equations:
Where xi, i = 1, ... 3, is the activity of 14C labelled leucine in compartments 1 .... 3 (dpm). xl, i =4,... 6 is the activity of 14C labelled bicarbonate in compartments 4 .... 6 (dpm). kij, = fractional rate constant characterizing transfer of material from compartmentj to i (min -a) with initial condition xa (0) = 1.0 The observed tracer variables in the experiments are:
and Ys = xs (8) Vs[C02l Where y~ = plasma a4C leucine concentration (dpm/ml) Ys = expired breath CO 2 specific activity (dpm/mmol) Vo, Vs = distribution volumes of compartments i and 5 (ml) [COz] = blood CO2 concentration (mmol/ml)
Since both injection of 14C leucine and measurement of leucine activity were in the same compartment, it was not theoretically possible to make unique estimates of all fractional rate constants (kij) in Eqs.
(1) to (3) . If, however, they were re-parameterized such that kp2 + k42 was replaced by 1%2, the model was uniquely identifiable [24] . In this form, estimates were made of the model parameters k12 , k21, k23, k32 and 1%2 (Table 2 ). Using these model parameters, leucine production rate was estimated with a net input of unlabelled leucine into compartments 1, 2 and 3 (see Appendix).
Leucine production rate gmol. rain 1. kg 1 (calculated as input to compartment 1)V1 k21 ko2[leucine] The estimate of leucine production rate calculated using Eq. (9) is identical to that obtained by dividing the injected dose of leucine tracer by the area under the leucine specific activity curve [25] ; this is the conventional method for calculating leucine production rate. Leucine production rate calculated either as input into compartment2 or as input into compartment3 (which in the steady state would be identical) may represent a more physiological estimate, since proteolysis would be expected to occur in either compartment 2 or3.
Plasma leucine concentration, measured 4 times at 40-min intervals during each turnover study, remained constant. Thus, steady state was assumed, and the mean of these measurements was used as the value of [leucine] in Eq. (9) . The assumption of steady state was made since there was no significant difference by paired Student's t-test between the initial and final measurements of leucine concentration in each turnover study, which were (btmol/1; mean • SEM): in insulinwithdrawn diabetic patients 254 • 16 and 271 • 18; in conventionally treated diabetic patients 158 • 10 and 167 • 13 ; in insulin-infused diabetic patients 154• and 140_+10; and 120• and 110+5 in the control subjects.
The parameter k05 was the rate constant for expired CO2 production. Using this parameter, COz production rate can be calculated (see Appendix).
CO 2 production rate = Vs [CO2] 1%5 mmol/min (11) Leucine oxidation rate was calculated with the input of unlabelled leucine into compartments 1, 2 or 3 from the equation:
Leucine oxidation rate (.amol 9 rain -1 9 kg -1) k42 x leucine k42 + kp2 turnover (gmol-min-l.kg -1) (calculated as input into compartments 1, 2 or 3) (see Appendix).
Leucine oxidation rate was calculated with the assumption that any recycling of 14CO2 into other metabolites was negligible. Ninetyfive per cent recovery of 14C02 has been found following administration of NaH14CO3 in man (unpublished results).
The rate of leudne incorporation into protein was calculated from leucine turnover minus leucine oxidation rate (with input of unlabelled leucine into compartments 1, 2 or 3).
Statistical analysis
All p values were calculated using Student's t-test between control subjects and diabetic patients when the variance of the 2 groups was equal. When variance was unequal, as determined by the F-test, a modified Student's t-test was used [26] . Two-way analysis of variance was used for the calculation of significant differences between the three studies in diabetic patients. 
Results
Although there were no statistically significant differences between the leucine subsystem parameters in the diabetic patients studied after insulin withdrawal, conventional therapy and insulin infusion, k02 (sum Of k42 + kp2) was found to increase with insulin treatment (Table 2) . Means of the plasma amino acid concentrations measured during each study in control subjects and diabetic patients are shown in Table 3 . Leucine, isoleucine and valine concentrations were significantly greater following withdrawal of insulin from diabetic patients than in control subjects (p< 0.001). Although the concentrations of these amino acids were significantly lower when diabetic patients were following their conventional insulin therapy (p< 0.001, p< 0.05 and p< 0.001), concentrations were still significantly greater than in control subjects (p < 0.05). After an overnight insulin infusion, branched-chain amino acids in diabetic patients were normalized.
Metabolic clearance rate, leucine production rate, oxidation rate and rate of leucine incorporation into protein in control subjects and diabetic patients calculated with input of unlabelled leucine into compartment I are shown in Table 4 . Following withdrawal of insulin from diabetic patients, leucine metabolic clearance rate was lower than in control subjects (p< 0.05). Both conventional insulin therapy and an overnight insulin infusion restored metabolic clearance rate to normal. This increase in metabolic clearance rate with insulin treatment is demonstrated in the model by an increase in the parameter k02 (sum of k42 + kp2).
Since diabetic patients were in a steady state at the time they were studied, leucine turnover rate was equal to its rate of production and uptake. Leucine production rate was significantly greater in insulin-withdrawn diabetic patients than in control subjects (p< 0.05), but was reduced to normal levels by both conventional insulin therapy and an insulin infusion. There was a linear relationship between leucine turnover and leucine concentration in diabetic patients (r= 0.53, p < 0.01 ; Fig. 3 ).
The rate of leucine oxidation was also greater in insulin-withdrawn diabetic patients than in control subjects (p< 0.005). Although this rate was lower after con- ventional insulin therapy (p < 0.005) it was still greater than in control subjects (p< 0.005). Unlike all the other measurements of leucine metabolism, oxidation rate was also greater than normal in overnight insulin-infused diabetic patients (p< 0.05). There were no differences between estimates of leucine incorporation into protein in diabetic patients following insulin withdrawal, conventional therapy or an insulin infusion, or between diabetic patients and control subjects.
Also shown in'parentheses in Table 4 are the rates of leucine production, oxidation and the rate of leucine incorporation into protein when calculated with the input of unlabelled leucine into compartments 2 or 3. Although these rates were all higher by 14-24% than when calculated with the input of unlabelled leucine into compartment I (equivalent to the calculation of these rates by non-compartmental analysis) the effect of insulin withdrawal, conventional therapy and insulin infusion on these rates was the same. The degree of diabetic control had no effect on the percentage difference between the rates calculated by these two methods. Table 5 shows levels of other intermediary metabolites in diabetic patients and control subjects. As expected, acetoacetate and 3-hydroxybutyrate were significantly greater in insulin-withdrawn diabetic patients than in control subjects (p<0.005). Although concentrations were lower in diabetic patients following both conventional therapy and an insulin infusion, they were still greater than normal (p < 0.05).
In the pooled results from diabetic patients, there was a linear relationship between leucine oxidation rate (leucine input into compartment 1) and alanine concentration (Fig. 4, r= 0 .63, p < 0.001).
In the data from insulin-withdrawn diabetic patients, there was an inverse relationship between total blood ketones and leucine oxidation rate (leucine input into compartment 1 ; r= -0.72, p < 0.05; Fig. 5 ). In this group an inverse relationship was also found between total ketones and alanine concentration (r= -0.71, p< 0.05). These latter two relationships were not found when diabetic patients were treated with insulin.
HbA1 averaged 11.0% (range 6.8-14.0%) in the diabetic patient group, and was not significantly different in the 3 separate studies, i. e. 11.95, 10.25 and 11.0 for insulin withdrawal, conventional therapy and insulin infusion, respectively (normal range: 6-8.5%).
Discussion
In this study we have developed a model to describe leucine kinetics. Leucine production rate, oxidation rate and rate of leucine incorporation into protein were calculated from this model with the input of unlabelled leucine (leucine production rate) into compartment 1. This rate of leucine production is identical to the rate calculated by analysing leucine specific activity curves using non-compartmental analysis. These measurements of rates of leucine production, oxidation and incorporation into protein were similar to values previously determined in control subjects using non-compartmental analysis [27] . Measurements of leucine metabolism were also made with the input of unlabelled leucine (leucine production rate) into compartments 2 and 3, which at steady state gives identical estimates of production rate. Leucine production and oxidation rate, and incorporation into protein, were all 14-24% greater than when calculated with the input of unlabelled leucine into compartment 1. The effect of diabetic control on these estimates, however, was the same with both methods of calculation.
Although whole blood specific activity of leucine could have been measured, we elected to measure plasma leucine specific activity since it is technically more simple and less likely to yield materially different results, lit was assumed that the red blood cell leucine pool was in equilibrium with the plasma pool.] This pool is unlikely to be a significant or even measurable component of leucine dynamics, since red blood cells have lost their nuclei and mitochondria and do not undertake protein synthesis or leucine oxidation.
Measurements of leucine metabolism by non-compartmental analysis were based on the assumption that the plasma specific activity of leucine approximates the intracellular specific activity. Therefore, leucine production rate as measured in plasma should approximate the rate of proteolysis. Proteolysis, however, would be expected to dilute the intracellular specific activity of leucine; this would lead to an underestimation of leucine production rate and hence the rates of leucine oxidation and incorporation into protein which are derived using the production rate. Measurements of intracellular leucine specific activity in a muscle biopsy, following infusion of 1-t3C leucine, have shown levels to be 88% of plasma specific activity [28] . Plasma a ketoisocaproate specific activity has been found to be 80% of plasma leucine specific activity [29] in postabsorptive normal subjects and has been suggested to reflect intracellular leucine specific activity. These values are in keeping with a 14-24% difference in measurements calculated with 2 different sites of leucine input in the current model. Estimates of leucine kinetics calculated with an input of unlabelled leucine into compartment 2 or 3 may therefore be more physiological estimates. Proteolysis would be expected to occur in either of these two compartments, and the higher rates obtained would be compatible with the lower specific activity reported for intracellular leucine. Since the trends of the measurements of leucine metabolism in the different groups studied were identical, discussion of these two measurements is applicable to either. Although regression analysis used measurements based on an input into compartment 1, comparable results are obtained with estimates based on an input into compartment 2 and 3.
As previously reported, plasma branched-chain amino acids were elevated in insulin-withdrawn diabetic patients 1, 2 and 9 and were restored to normal levels by an overnight insulin infusion. The linear relationship between leucine turnover and concentration indicated that elevated leucine concentration was the result of increased production rate, and was probably due to an increase in proteolysis. Increased proteolysis, however, would be expected to increase the plasma concentrations of all amino acids, yet only the branched-chain amino acids were increased. This may be due to increased hepatic uptake of amino acids, with the exception of branched-chain amino acids, which are not readily utilized by liver [5] . The rate of incorporation of leucine into protein was not significantly different from normal in insulin-withdrawn diabetic patients. These results differ from the study by Nair et al. [27] , which showed protein synthesis to be increased in insulinwithdrawn diabetic patients. Both these observations in man appear to conflict with studies which have shown decreased protein synthesis in heart and skeletal muscle of diabetic rats [30, 31 and 32] , and a study which has shown a stimulation of synthesis by insulin [30] . In diabetic rat liver, protein synthesis has been shown to be decreased in perfused tissue [33] , whereas an in vivo study has shown a decrease in albumin synthesis but no change in the synthesis of other plasma proteins [32] . In these studies, protein synthesis was measured in diabetic rats that had either never been treated or were studied several days after insulin withdrawal. The discrepancy between these studies and the present study may be because a longer period of insulin withdrawal is necessary to demonstrate a decrease in protein synthesis. It must also be considered that measurement of protein synthesis in the whole body cannot give any insight into synthesis rates in individual tissues. An increase or normal protein synthesis rate in one tissue such as liver may override any decrease which may occur in another tissue such as muscle, which could result in a normal whole body synthesis rate.
A decrease in leucine metabolic clearance rate also contributed to the elevated leucine concentration in the insulin-withdrawn diabetic patients. While this confirms a previous study which showed the clearance of an unlabelled infusion of leucine to be decreased in insulin-withdrawn diabetic patients [10] , it demonstrates that the conclusion that this implied decreased utilization was incorrect. In the present study, the use of isotope turnover techniques showed that, although clearance was decreased, leucine utilization was increased. The decrease in leucine metabolic clearance rate in insulin-withdrawn diabetic patients could be due to insulin lack affecting uptake or subsequent metabolism. Alternatively, the decrease could be the result of an increased leucine concentration causing partial saturation of this clearance process or competition of ketone bodies or other substances with leucine for oxidation and metabolism.
Leucine oxidation was shown to be increased in insulin-withdrawn diabetic patients in agreement with a previous study in diabetic patients [27] . In the present study, although insulin treatment lowered leucine oxidation, it was not reduced to normal levels. This was unlike insulin treatment of previously studied diabetic patients [27] in which leucine oxidation rate was reduced to normal. In rat adipose tissue, where leucine is used as a substrate for fatty acid synthesis, insulin has been found to increase the activity of the branched-chain a-keto acid dehydrogenase [34] , thus stimulating leucine oxidation. In contrast, leucine oxidation has been shown to be increased in diaphragm muscle [7] and in gastrocnemius muscle, liver and kidney homogenates [8] from diabetic rats, suggesting that insulin may inhibit the branched-chain a-keto acid dehydrogenase in these tissues. Since whole body leucine oxidation was increased following insulin withdrawal in diabetic patients, increased oxidation in tissues other than adipose must be considerably greater than any decrease which would be expected to occur in adipose tissue; alternatively, there may be species differences between man and the rat.
There is increasing evidence that oxidation of branched-chain amino acids provides amino groups for synthesis of the major gluconeogenic amino acid alanine [35, 36] . Alanine is synthesized by the transamination of pyruvate with glutamate, with the major source of glutamate being from transamination of branchedchain amino acids with a ketoglutarate. This hypothesis is demonstrated by the linear relationship between leucine oxidation rate and alanine concentration found in the present study. The inverse relationship between leucine oxidation and total ketones and between alanine concentration and total ketones in insulin-withdrawn diabetic patients provides further evidence for the existence of a ketone-alanine cycle in which an increased supply of ketones decreases alanine production by inhibiting branched-chain amino acid catabolism [37, 38] .
This study has shown that elevated branched-chain amino acids in uncontrolled diabetes are due to an elevated production rate as a result of increased proteolysis, and that they therefore provide an indication of the state of protein metabolism. Insulin deficiency was also shown to result in an increased leucine oxidation rate, which, in view of its role in alanine synthesis, may contribute to the increased gluconeogenesis found in uncontrolled diabetes [9, 39] . The observed changes in leucine and protein metabolism in uncontrolled diabetes were probably due directly to the lack of insulin. The large changes in concentrations of glucose, ketones and non-esterified fatty acids and in the altered redox state may, however, also play a role either opposing or accentuating the effect of insulin deficiency. Leucine oxidation for example, may be restrained by the presence of marked ketosis as suggested by this study. Non-esterified fatty acids have been shown to inhibit leucine production rate and leucine oxidation in dogs [40] , and in increase in NADH/NAD has been found to increase protein synthesis in isolated rat muscle [41] .
We have described a model of leucine kinetics which we have used to calculate leucine turnover and oxidation. The validity of the postulated model structure and its linkage to the bicarbonate subsystem was assessed by comparing a model based estimate of CO2 production rate with independently measured values. We have shown these values to be in close agreement. By developing a model, the rate of leucine production, oxidation and incorporation into protein could be calculated with the input of unlabelled leucine into an intracellular compartment, i.e. 2 or 3. These rates may be better estimates of the "true" rates than those estimated with an input of leucine into plasma, which is the conventional non-compartmental method of analysis. Although statistically it was not possible to identify insulin-dependent parameters, the development of this model will aid further studies of leucine metabolism. It will be particularly useful in studies which require a complicated analysis of data such as in non-steady state investigations. Since the model can also be used to predict the response of the system to a stimulus, it can help in experimental design. Linkage of the leucine model to models of other substrates and hormones may enable a better understanding of the control of leucine metabolism and its interaction with the metabolism of other substrates. The plasma leucine concentration can be simulated by using the estimated production rate (Ra) as the input to compartment 1, since this is the production rate as seen entering the plasma compartments. The initial conditions for compartments I to 3 are
The production rates, as seen entering compartment 2 or 3 with measurements made in compartment 1, are identical in the steady state. These estimates are derived using Eq. (A6)-(AI5) with B = [010] and B = [001] for Ra entering compartment 2 and 3 respectively. The estimate of production rate is:
The bicarbonate subsystem was shown to be an adequate description of bicarbonate metabolism following an injection of NaH~4CO3 in 17 control subjects [42] . The mean model parameters and the range of values calculated in these 17 subjects are shown in Table 6 .
The link between the leucine and bicarbonate subsystems, k42, was determined by simulating the full 6 compartment model for 4 of the control subjects [1, 6, 7 and 9] in whom the bicarbonate subsystem model had been uniquely identified from bicarbonate kinetics obtained following the injection of NaH14CO3 into compartment5. Since for these subjects k02 was known from identification of leucine subsystems, kp2 and k42 could then be determined by calculating the percentage leucine oxidation from the equation: % oxidation area under CO2 specific activity curve (dpm mmo1-1 rain) x CO2 production rate (mmol/min) The area under the CO 2 specific activity curve is derived using the sum of two exponentials with a least square fit to the experimental data. The model 14CO2 output was found to match the experimental output when compartment 2 of the leucine subsystem was linked to compartment 4 of the bicarbonate subsystem as shown for subject 7 in Figure 6 . In the remaining diabetic patients and control subjects best esti-
K45
mates of parameters k4z and the 5 parameters for the bicarbonate subk54 system were determined by a process of adaptive fitting [43] minimisk65 ing the sum of squares error between model derived and experimental k56 CO2 specific activity curves. Initial estimates for the bicarbonate pak05 rameters and upper and lower limits between which parameters could vary were taken from parameters found in control subjects ( Table 6 ).
The match between the model derived and experimental 14CO2 curve 1.Oq using the fitting procedure is demonstrated in diabetic patient 7 fol--~ lowing insulin withdrawal, conventional therapy and an insulin infusion in Figure 7 .
x To check the validity of model parameter estimates CO 2 produc-~ ~, tion rates, calculated using parameter k05 in output equation [11] , were ~E ~ 0r compared with experimentally determined CO2 production rates ( 
